Metal contamination deposited on few-layer graphene (3±1 ML) grown on SiC(0001) was successfully removed from the surface, using low cost adhesive tape. More than 99% of deposited silver contamination was removed from the surface via peeling, causing minimal damage to the graphene. A small change in the adhesion of graphene to the SiC(0001) substrate was indicated by changes observed in pleat defects on the surface, however, atomic resolution images show the graphene lattice remains pristine. Thin layers of contamination deposited via an electron gun during AES/LEED measurements were also found to be removable by this technique. This contamination showed similarities to "roughened" graphene previously reported in the literature.
I. INTRODUCTION
The excellent electronic properties of graphene and its outstanding sensitivity to adsorbed molecules have resulted in its use in the development of sensor technology [1] [2] [3] . However, these technological applications require graphene layers to be pristine and uncontaminated. With the production of graphene films now common [4] [5] [6] , preventing or reducing contamination is now a key issue. It has been shown that the presence of surface contamination has a considerable effect on graphene's electronic properties. Charged impurities in particular cause significant degradation to electron transport due to scattering from the inhomogeneous electron density at these points [7] [8] [9] . Larger scale contamination has been shown to change the electronic characteristics of entire graphene films due to doping 2 . Furthermore, graphene's mechanical properties also degrade; the wettability of graphene was found to decrease significantly upon becoming contaminated from long exposure to the atmosphere 10 . In addition to adsorption of impurities from the atmosphere, contamination can occur from other sources. The process used to transfer CVD grown graphene has been shown to introduce a significant amount of metallic contamination which subsequently alters its electrochemical properties to a large degree [11] [12] [13] . Electron beam filaments associated with device production or characterisation techniques can also deposit material on the graphene surface 2 . These sources are often more problematic due to contamination occurring over large areas, rather than as individually adsorbed molecules. Unlike atmospheric contamination, the impurities deposited during experimental processes are often a) Electronic mail: g.h.wells@durham.ac.uk b) Electronic mail: m.r.c.hunt@durham.ac.uk metallic and bond more strongly to the surface preventing their removal via annealing 14, 15 . With contamination of graphene samples occurring due to many different factors, which are often unavoidable, cleaning of graphene is important. As a result, many different cleaning methods have been reported including mechanical sweeping with an atomic force microscope (AFM) tip 16, 17 , the use of sacrificial metal layers 18 , the application of high currents 19 and high temperature annealing under vacuum 14, 15 . Although these methods are appropriate for the removal of small concentrations of impurities they are less suitable for cleaning thicker contaminant layers over larger scales.
In this work, we report the use of adhesive tape to remove metal contamination. We apply tape to graphene samples grown on SiC(0001) substrates, which have been coated with a layer of silver which acts as a model metal contaminant. Contamination adheres to the tape and is removed upon peeling away from the substrate, leaving pristine graphene on the surface. We show this procedure is an effective method to remove large areas of noble metal contamination without the use chemicals or specialized equipment allowing for the reuse of graphene for electronics purposes. Furthermore, we have found that material previously characterised as "rough" graphene 20 , may actually be associated with contamination deposited from an electron gun, which can also be removed via this technique.
II. EXPERIMENT
Few layer graphene samples [3±1 monolayers (ML)] were grown on 6H-SiC(0001) wafers (Tankeblue Semiconductor Co. Ltd.). The growth process was performed in an upgraded commercial rapid thermal processor with a background pressure of < 3×10 −6 mbar at T < 1900 • C. Substrates were prepared in-situ by etching in 5% H 2 /Ar forming gas at atmospheric pressure, followed by a 20 minute heating step at 1200
• C before ramping to the growth temperature of 1850
• C. Full details of the growth procedure and characterization are reported elsewhere 21 . Samples were transferred, through air, to an ultra-high vacuum (UHV) system (base pressure <5×10 −10 mbar) and gently annealed for 4 hours at 200
• C, to remove any atmospheric contamination from the surface that might have occurred during transfer to the UHV system. Scanning tunnelling microscopy (STM) was used to image samples before silver deposition. 99.99% purity silver (Agar Scientific) was evaporated via heating a wrapped tungsten filament to ∼960
• C, to act as a model source of contamination. Evaporation was performed for 10 minutes to produce thick Ag layers, whilst a shorter time of 30 s was used for lower coverages. Samples were re-imaged via STM to determine the thickness of the Ag layer, then removed from the system and cleaned using commercially available Scotch Magic Tape. The adhesive tape was applied directly to the sample under ambient conditions and peeled away unidirectionally, as shown schematically in figure 1. After cleaning the graphene was reintroduced to the UHV system and immediately examined again, without further cleaning or annealing, by STM, low energy electron diffraction (LEED) and Auger electron spectroscopy (AES). STM measurements were performed using a commercial Omicron VT-SPM system with all images obtained in constant current mode. AES measurements, taken at a beam energy of E = 2.5 keV, were used to obtain an estimate of the graphene thickness based on the C KLL and Si LMM peak height ratio as reported previously 20, 22 .
III. RESULTS AND DISCUSSION
Figure 2(a) shows graphene grown on SiC(0001) on which well defined terraces and small irregular islands are clearly visible. Pale lines visible on the surface are pleat defects that form during growth, due to the difference in thermal expansion between the graphene layers and the SiC substrate 22, 23 . The high quality of the graphene samples before contamination is further illustrated by the LEED pattern showing clear graphene, SiC (1 × 1) spots and (6 √ 3 × 6 √ 3)R30
• spots corresponding to the surface reconstruction known to form when graphene grows via Si sublimation 6 [ Fig. 2(c) ]. After 10 minutes of deposition a Ag layer of ∼14 nm thickness, had been deposited on the graphene, covering 95% of the surface. The deposited layer is not uniform, having an root mean squared (RMS) roughness of 1.4 nm, with some larger areas where the graphene surface can be observed below, as can be seen in Fig. 2(b) where the edge of a terrace and a pleat defect are visible beneath the contamination. The large thickness and non-uniformity of the Ag layer effectively simulates the contamination of a sample due to uncontrolled deposition.
Figure 2(d) shows the graphene sample after the removal of contamination. Clear graphene terraces and small isolated islands are once again visible on the surface. A small amount of what is likely to be trace silver is still visible in the lower left corner. From further images of the surface this appears to be a small isolated area. It is apparent that ∼99% of the Ag contamination has been removed by the tape. Furthermore, the cleaning process appears to cause very little damage to the surface with only small areas visible in which tiny flakes of graphene have been pulled away from the substrate. One significant difference that is observed between images taken before and after contamination and cleaning is in the properties of pleat defects on the surface. Pleat defects on graphene grown on SiC(0001) are known to form during growth due to the differential thermal expansion between the graphene layers and the substrate, forming along high symmetry directions of the lattice 22 . After the cleaning process it was found that the concentration of pleat defects on the surface increased from 13 ± 3 /µm 2 to 19 ± 3 /µm 2 . Pleats were also found to increase in length after cleaning by an average of 81 nm; increases in pleat height combined with a reduction in width were also observed, as can be seen in the cross-sectional profiles in Fig. 3 . Despite overall increases in pleat length, height and concentration it was also observed that the variation in these values also significantly increased after the contamination was removed. This suggests that the cleaning process has caused pre-existing pleat defects to further delaminate from the surface, whilst also inducing new pleats to form, indicating that the adhesion of the graphene layers to the underlying SiC substrate has been altered to a degree, due to the film being strained whilst cleaned. Despite these changes, the graphene remains of a high quality as seen in Fig. 2(d) , further confirmed by Fig. 2 (e) which shows the pristine hexagonal lattice, which was consistently observed at multiple points across the surface. The LEED pattern obtained after cleaning also attests to the high degree of graphene cleanliness and perfection, showing no visible change from that obtained before Ag deposition, with clear graphene, SiC and reconstruction spots [ Fig. 2(f) ].
To explain the removal of contamination from the surface leaving the graphene in pristine condition, we propose that the Ag contamination adheres to the graphene surface weakly. This is most likely due to its inert nature which has prevented growth of graphene on silver substrates until recently 24 . In contrast, the adhesion of graphene to SiC(0001) is relatively strong in comparison to graphene on most other substrates 22, 25, 26 . Therefore, when tape is applied to the contaminated sample the silver adheres more strongly than to the graphene film. As a result, when peeled away from the surface the contamination is also removed, whilst the stronger adhesion of the graphene to the substrate ensures the film remains adhered to the surface. It can be surmised that in areas that are still free of contamination after deposition, the tape may adhere more strongly to the uppermost layer than the graphene adheres to the substrate. As a result we would expect to see a high defect concentration in these areas; however, this was not observed. We propose that the tape adheres primarily to the raised asperities offered by contamination on the partially covered surface, rather than conforming to the surface topography. Due to the high flexibility and mechanical strength of graphene 27 , adhesion over a large area is likely required to delaminate and/or damage the uppermost graphene layer. Hence, the concentration of defects produced by the cleaning method remains low. The small areas of contamination that remain on the surface after cleaning can be explained by defects in the graphene lattice prior to deposition which create reactive sites to which contamination adheres more strongly 28 .
With the removal of the silver contamination and a pristine surface observed below, a possible alternative explanation to be considered is that mechanical exfoliation pulls off both the Ag contamination and the uppermost graphene layer the silver is adhered to, similar to the first experimental production of isolated graphene flakes 29 . In order to rule out this mechanism AES was used to determine the thickness of the graphene on the surface before and after cleaning. Figure 4(a) shows the Auger spectrum of a sample without any silver contamination. Clear peaks can be observed at 92 eV and 271 eV, corresponding to Si and graphitic carbon respectively, as expected. A thickness of 3±1 graphene layers was estimated based on the C:Si ratio obtained. After contamination and cleaning the Auger spectrum obtained once again exhibited a strong graphitic C peak at 271 eV and a small Si peak at 92 eV [ Fig. 4(b) ]. The thickness of the sample after contamination and cleaning, based on the C:Si ratio, was found once more to be 3±1 graphene layers, suggesting that the thickness of the sample did not decrease following contamination being removed from the surface. Repeated deposition and cleaning did not show further changes. STM images showed no evidence of layer removal, with graphene layers still clearly visible after multiple cleaning cycles. The level of damage to the uppermost graphene layer, however, was found to increase slightly after each cycle as expected. Therefore, it was determined that the exfoliation process only removes the contamination from the surface, leaving the uppermost graphene layer intact.
The method discussed has been shown to be effective at removing thick layers of metallic contamination, whilst leaving the graphene layers beneath in good condition. However, in many instances the deposited layer may be thin with only a partial coverage. This type of contamination can often occur as a side effect of different measurement techniques. For example, Fig. 5 shows graphene grown on SiC(0001), (a) before and (b) after, measurement via AES. It is clear that during this measurement a thin layer of material is now present on the surface. The material shows many similarities to that of samples coated with low coverages of Ag [ Fig. 5(c) ], indicating that the new layer is likely to be a thin contamination layer deposited by the electron gun during measurement. The most likely candidate for the source of this material is the LaB 6 electron gun filament. The contamination layer was found to cover 46% of the surface with a thickness of ∼1.2 nm. In earlier studies of graphene on SiC(0001), similar images have been obtained showing smaller concentrations of this material, which were characterised as roughened graphene caused by hydrogen etching, however, it is possible this is in fact contamination deposited during AES measurements 20 . Adhesive tape was again applied to the sample and removed, to see if this thin contamination layer could also be cleaned. Figure 5(d) shows the graphene surface after mechanical exfoliation of the electron gun contamination. Similarly to the samples contaminated with Ag, >99% of the deposited contamination has been removed, leaving the high quality graphene below in excellent condition. In fact, even less damage was observed than previously seen from the removal of the Ag contamination with far fewer instances of small graphene flakes detaching from the surface. Pleat defects on the surface again show changes in height, width and length, this as expected from the strain applied to the graphene layers during the cleaning process slightly delaminating areas of the film. Atomic resolution images (not shown) again showed that the lattice remains in pristine condition, indicating that the cleaning process does not cause significant damage to the graphene layers even when removing thin layers of contamination. As seen with deposited Ag, this is likely due to the much stronger adhesion of the graphene layers to the SiC surface compared to the adhesion of the contamination to the uppermost graphene layer 22, 30 . The reduced damage observed in this case, compared with samples coated with Ag, is most likely a consequence of the smaller thickness and reduced coverage of the contamination layer. This results in less contamination adhering at reactive sites on the graphene surface, such as defects, where flakes may be pulled up during cleaning. The reactivity of the contamination may play a significant part in the extent of damage caused by this cleaning method. It may be possible that a more reactive metal contaminant, such as Ni, which binds more strongly to the surface 31 , would result in significantly more damage to the uppermost graphene layer. In such a case the method outlined above becomes less suitable as an effective cleaning process.
IV. CONCLUSION
In conclusion, we have shown that metallic contamination can be removed from graphene layers grown on SiC(0001) via mechanical exfoliation using low cost commercially available adhesive tape. It was found that by applying adhesive tape and carefully pulling away from the surface >99% of contamination could be removed, whilst leaving the graphene layers below in good condition. Only small isolated areas of damage were observed, in which small flakes of graphene were pulled up from the surface. Small changes in the adhesion of the graphene layers to the SiC(0001) substrate were observed based on the changes to pleat defects observed on the surface, however the atomic scale STM images indicate the graphene remains of excellent quality. Finally, we suggest that material previously characterised as rough graphene 20 could be associated with contamination deposited during measurement. This contamination could also be removed via the method discussed above, without significant negative effects to the graphene layers below. The method outlined presents a simple, low cost, effective way of removing contamination from graphene grown on SiC(0001) allowing for their reuse in further experiments.
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